SUMMARY The Hoffmann reflex is a monosynaptic reflex elicited by electrical stimulation of afferent nerve fibres. The amplitude of the reflex response may be measured both by EMG recording from the muscle and by sensing the muscle twitch. These two effects are dependent, not only on the amplitude of the stimulus, but on the state of excitability of the afferent-efferent synaptic pools and on the mechanical state of the muscle. Voluntary control of the stimulated muscle influences these conditions but the effects on the EMG are quite different from those on the twitch. This paper discusses these effects under isometric conditions.
The Hoffmann reflex (H-reflex) is a monosynaptic reflex induced by electrical stimulation of Ia spindle afferent fibres at intensities below the thresholds of the motor fibres (Hoffmann, 1918; 1922; Magladery and McDougal, 1950; Magladery, Porter, Park, and Teasdall, 1951) . It is most easily measured, in man, from the soleus muscle when the tibial nerve is stimulated where it crosses the popliteal fossa.
The reflex is manifest electrically and mechanically. Approximately 30 msec after the stimulus, a synchronized burst of electromyographic (EMG) activity, the H-wave, is recorded and almost immediately thereafter, the gastrocnemius and soleus muscle tensions begin to rise. This twitch tension reaches its peak in approximately 120 msec and then falls. Figure 1 shows such a response.
Both the H-wave and the twitch are dependent, not only on the intensity of the electrical stimulus, but on the static1 initial conditions at the ankle joint-that is, initial foot torque (IFT) and initial foot angle. These effects are sometimes used clinically to facilitate the tendon jerk which is a closely related reflex. The effects of IFT on the H-wave have been described qualitatively by several investigators (Hoffmann, 1922; Paillard, 1955; Hagbarth, 1962) but the interactions between the four variables have not been thoroughly described. In this paper we shall discuss the effects of IFT on both the H-wave and the twitch torque at different stimulus intensities. In a subsequent paper we shall discuss the effects of foot angle.
'During time varying conditions, there are additional influences (Granit, 1955; Mark, Coquery, and Paillard, 1968; Gottlieb, Agarwal, and Stark, 1970 Effects of initial conditions on the Hoffmanin reflex centreline of the lower soleus muscle about 3 cm apart and 20 cm above the base of the foot, and another pair was placed on the anterior tibial muscle. A ground electrode was placed over the flat surface of the tibia. Cutaneous stimulating electrodes were located posteriorly over the tibial nerve in the popliteal fossa and anteriorly just above the knee. These were held in place by velcro straps. All electrodes were coated with Sanborn Redux Creme. Figure 2 shows a schema of the apparatus.
The electrical stimuli of 1-5 msec duration were applied from a Grass S-8 stimulator through a SIU5 isolation unit. This was triggered at 7 to 10 second intervals by an IBM 1800 computer which recorded the isometric foot torque at 250 samples per second and the EMG at 1,000 samples per second. The data were stored on magnetic tape for later analysis. Figure 3 shows the covariation in H-wave and foot twitch-torque (Z1FT)l as the stimulus intensity was varied from below threshold to that for a near maximal H-wave. For the three levels of initial foot torque, the correlation coefficients (r) and regression curves are given in the Table. Note that the dorsiflexion curve overlays the neutral curve while the plantarflexion curve is well below both.
RESULTS
In Fig. 4 also Liberson, 1965) . Figure 6 shows the presence 0 / 0RA The proportionality between the H-wave and AFT for varying intensity stimuli shown in Fig. 3 is in full agreement with the results of similar experiments involving the tendon reflex (Clarke, 1965 (Clarke, , 1967 and direct electrical stimulation of the motor fibre (de Jong and Freund, 1967) . We are reluctant, however, to conclude from these data that there is indeed a linear relationship between the two variables. Over the limited dynamic range of inputs for which experimental data has been taken, linearity appears to be a good approximation. The experiments cited in the references were performed with the stimulated muscle voluntarily relaxed. It is clear from Fig. 4 that the proportionality that exists, does so only under a retricted set of conditions.
The H-wave is produced by Ia excitation of the alpha motoneurone pool and at the synapse in the anterior horn of the spinal cord it is subject to many influences (Eccles, 1967) . Figure 5a shows that voluntary plantarflexion (which is the direction of the reflex twitch) could be facilitating the motoneurone pool so that more motoneurones are brought synchronously above threshold by the Ia volley.3 Conversely, voluntary dorsiflexion inhibits the motoneurone pool. In two of our subjects, strong dorsiflexion almost totally inhibited a near maximal H-wave. In the other seven subjects total inhibition with dorsiflexion could be achieved only with reduced stimuli. The amplitude of EMG activity due to voluntary effort was negligibly small and could not influence the H-wave measurement.
Our interpretation of AFT is necessarily more tentative than that of the EMG, since several more physiological and mechanical stages intervene between stimulus and response. Observe that from the point of maximal plantarflexion, as IFT decreases, the AFT increases. This increase inA FT is a consequence of higher incremental gain of a quiescent motor unit compared with an active one. That is, the aFT increment caused by a single pulse in a quiescent motoneurone is likely to be greater than the LFT increment caused by injecting a single additional pulse into a steady pulse train.
At lower levels of plantarflexional IFT, more units are quiescent and there the additional pulse caused by the stimulus results in larger twitch torque. ' There is an additional consideration in that stronger stimuli may directly excite the peroneal nerve of the anterior tibial muscle due to current spread unless great care is taken in positioning the stimulating electrode. Excitation of the anterior tibial muscle would diminish the apparent reflex twitch. 3On occasion, the H-wave will begin to decrease at highcr levels of plantar foot torque (cf. Gottlieb et al, 1970, Figure 8-1) . This may represent occlusion, either at the afferent fibre at the site of stimulation or within the anterior horn of the spinal cord.
A second factor contributing to the IFT-H-wave relationship is the silent period in soleus muscle activity that follows the H-wave. This period, lasting 100-200 msec after the H-wave, is caused by several effects: Renshaw inhibition, Golgi tendon organ inhibition, and muscle spindle disfacilitation being among them. This silent period may be viewed as a negative input (inhibition of the EMG), the amplitude being the difference between soleus activity just before the H-wave and the activity during the silent period (zero activity) and of duration equal to the silent period. This tends to diminish the twitch torque. The effect of this transient withdrawal of voluntary input to the soleus muscle would be more pronounced at higher levels of voluntary plantarflexional effort.
In the region from small plantarflexional IFT to small dorsiflexional IFT, theIFT decreases because of declining facilitation and increasing inhibition of the soleus motoneurone pool, as is evidenced by the decreasing H-wave. However, we sometimes observe that the AFT does not continue to decrease for stronger dorsiflexion but is maintained, although the H-wave has vanished. To explain this, note that a twitch represents the summed effects of any increase in activity of the soleus muscle and decrease in activity of the anterior tibial muscle. With plantarflexion, the former element predominates, but with dorsiflexion, it is reciprocal inhibition of the anterior tibial muscle that contributes part of the twitch torque. The presence of this phenomenon is clearly shown in Fig. 6 . As a result, in dorsiflexional IFT where the soleus motoneurone pool is under voluntary inhibition, the twitch partly represents the difference in anterior tibial activity before and during reciprocal inhibition. Just as inhibition of the reflex agonist muscle (silent period) diminishes the twitch torque, inhibition of the antagonist muscle increases the net measured twitch torque. Therefore, as dorsiflexional IFT increases, the effect of the diminishing H-wave is compensated by the augmented effectiveness of reciprocal inhibition-that is, the difference in activity levels is greater.
The proportionality between the electrical and mechanical responses of a muscle to voluntary or external inputs is primarily a consequence of motor unit recruitment, which appears as a simple linearly additive phenomenon. On the other hand, when electrical stimuli are superimposed upon voluntary activity, this addition occurs, in part, within individual motor units which increase their force output, rather than solely by recruitment of additional motor units. The conversion of action potentials to mechanical force by a muscle fibre is not a linear transformation.
We may observe this in another way in Fig. 4 .
The straight line in the figure is the regression curve for the neutral IFT data of Fig. 3 . Note that the data points tend to cluster about that line for neutral and dorsal IFT. This reflects the fact that dorsiflexion inhibits the H-wave at the spinal cord but does not affect the basic EMG-twitch relationship at the muscle. Plantarflexion on the other hand, not only facilitates the H-wave but changes that EMGtwitch relationship at the muscle. Thus, those points in plantarflexion lie below the regression curve and, in Fig. 3 , the plantarflexion regression line lies well below the other two. In general, the effects of voluntary activity are most evident at lower stimulus levels. A near maximal stimulus does not undergo much facilitation or inhibition as is to be expected with the monosynaptic reflex recruiting virtually all of the accessible motoneurone pool. By contrast, a barely suprathreshold stimulus to a relaxed muscle will appear totally inhibited by dorsiflexion and strongly facilitated by plantarflexion (cf. Gottlieb et al, 1970, Figs. 7, 8, 10) . This is in keeping with the idea that individual Ta afferent fibres have a very wide field of effect within the motoneurone pool.
This accounts for the fact that slight plantarflexion facilitates both H-wave and twitch since the increased recruitment of motor units initially outweighs the decreasing twitch response of individual units. The weaker the stimulus, the greater is the relative facilitation of the H-wave and the greater must be the level of plantarflexion before the two effects are equal.
It is apparent, however, that when torque or torque pulses are produced predominantly by one muscle or synergistic group of muscles, there may be a rather linear relationship between EMG and torque AFT. On the other hand, in any mechanical response involving activation and inhibition between agonist-antagonist muscle groups, the EMG measured from any single muscle tells little, by itself, about the gross mechanical response.
CONCLUSIONS
Under conditions where the voluntary activity of the gastrocnemius-soleus muscle is held constant, a high correlation has been shown between the H-wave and twitch components of the Hoffmann reflex. Voluntary contraction of the gastrocnemiussoleus facilitates the H-wave, while contraction of its antagonist, the anterior tibial muscle, inhibits the H-wave. This provides a measure of the central control, exerted by the higher volitional centres, over the excitability of the motoneurone pools.
It is observed that the twitch response does not remain proportional to the H-wave when voluntary activity changes. If a reflex is elicited in a muscle which is voluntarily contracted, the twitch is reduced, because the two activating signals summate within the same motor units rather than solely by recruiting additional ones.
